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SUMMARY

This progress report describes our research in studying the degradation of
liposomes in tissues and the factors affecting the blood clearance of liposomes.
The progress report is divided into four sections. In the first section, the
effects of chemical composition, size and concentration on the degradation of lipo-
somes In tissues are discussed. Our result indicated that both the composition and
size of liposomes can affect the kinetics of the release of entrapped 1In 3+. With
the same composition, the rate of the release of the encapsulated 111In3+ from small
unilamellar liposomes was found to be faster than that from large liposomes. In the
case of small unilamellar liposomes, the kinetics of degradation of liposomes in the
liver did not appear to be affected by the amount of injected dose of liposomes. The
second section describes the clearance of sphingomyelin liposomes in the blood cir-
cutaLion. Our results suggested that the small unilamellar sphingomyelin/cholesterol
(2/1; M/M) liposoomes can get an access to the intercellular space. This type of
liposome may be used as a potential carrier of therapeutic agents against inter-
cellular parasites. The third section is a report on the development of methods
for preparing various type-' of liposomes for future investigation of how various
factors may affect the degradation of liposomes. The fourth section gives the detail
in investigating the methodology of loading lllIn 3+ and 6 7Ga3+ to liposomes in a
controlled manner. Our result indicated that two new ionophores, namely, acetyl-
acetone aVd 8-hydroxyquinoline sulfate may become useful agents to load a high level
of 111[n3 to liposomes for studying the modes of degradation of liposomes in tissues
by the technique of perturbed angular correlation of gamma radiation.
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This annual report describes our research progress in the study of the degra-
dation of liposomes in tissues, and the prolongation of the clearance time of lipo-
somes in the blood circulation, during the period from January 1, 1980, to December
31, 1980. The research activity can be roughly categorized into four different
areas. The first area discusses the effects of chemical composition and size of
liposomes on the degradation of liposomes in tissues. The second area describes
the effects of various factors on the clearance of liposomes in the blood of mice.
The third area Is in the development of methods of preparing various types of lipo-
soes, and the fourth area is in the investigation of loading llln 3 + and other
trivalent cationic radionuclides to liposomes in a controlled manner. The objective
of tihe last two areas is to develop methodologies for studying the degradation of
l iposomes in tissues by the techniques of perturbed angular correlation of gamma
radiation (PAC). The research progress in these four areas can be summarized as
fol lows:

I. Degradation of Liposomes in Tissues -- Effect of Chemical Composition, Size and
Concentrat ion.

Our research in this area has been directed primarily toward the comparison of
the degradation of five types of liposomes in the livers of mice. A limited work
has also been carried out in studying the degradation of liposomes in other tissues.
These five types of liposomes were: (l)spingomyelin (SM): cholesterol (CH) (2/1; M/M)
small unliamellar liposomes prepared by probe sonication; (2) distearoyl phosphatidyl-
choline (DSPC): CH (2/I; M/M) small unilaniellar liposomes prepared by probe sonica-
tiot; (3) SM:Cli:dipalmitoyl phosphatidyletthanolamine (DPPE) (57/33/10; M/M/M) small
unilaniellar liposomes prepared by probe sonication; (4) SM:CH (2/1; M/M) multilamellar
liposomes prepared by extruding bath-sonicated, multilamellar liposomes through a poly-
carbonate membrane filter of 0 .2 p pore size; and (5) SM: C11 (2/1; M/M) bath-sonicated
liposomes that had dimensions larger than the exclusion limit of a Sepharose 4B column,

but smaller than that of a Sepharose 2B column.

Our initial plan was to study the rate of the in vivo degradation of liposomes in
the liver at three to four different concentrations of injected dosage for each type
of liposome. This study was very time-consuming. Normally, it took 3-4 weeks to
collect one set of data for one concentration of liposomes. During the course of
this study, we realized that the study of the in vitro degradation of liposomes in
the livers of mice at 37°C could be a faster and more efficient approach to determine
the range of the concentration of liposomes to be injected for investigating the dose-
dependency of Liposomes on the hepatic degradation of liposomes in vivo. Therefore,
most of our results were obtained from dissected livers incubated in Ringer solution
supplemented with I0% fetal serum and antibiotics at 370 C after the administration of
liposomes by intravenous injection, as described in the attached publication.

The results of our studies indicated that the rate of the hepatic degradation of
SM:CI! (2/1; M/M) tmilamellar liposomes in vitro was not affected by a 4-fold increase
of l1posomal dosage injected to mice. However, we observed quite a variation of the
rate constant in the in vitro hepatic d*egradation. Figure 1 depicts the variation of
the kinetics of the degradation of the same type of SM:CI (2/1; M/M) unilamellar lipo-
sorees in ten different livers. The data in Figure la were obtained from liposomes in
which the In ln+ was loaded by chloroform-extracted 8-hydroxyquinoline ( 1 1 1 1n 3+)
according to the method described in our annual report of last year (ARMY 01580-A-02,
Page 10). The data In Figure Ib were obtained from liposomes in which the 1lln3+'-
was Loaded by 8-hydroxyqulnoline (1111n+) without chloroform extraction, as described
it Section IV of this report. These results appeared to suggest that the variation

-6 -

i:-j



of the kinetics of degradation may be related to how liposomes were prepared each
- time, and perhaps to the lot number of lipids from suppliers, since the degrada-

tion ot the same batch of liposomes in two different mice often had an identical
kinetLcs of the release of encapsulated lll1n 3+. Work is in progress to investi-
gate this possibility.

In comparison with SM:CIH (2/1; M/M) small unilamellar liposomes, DSPC:CH (2/1;
M/M) small unilamellar liposomes were found to be more susceptible of releasing the en-
t rapecd 1I in+, either in the presence of serum, or in the liver of a mouse. The in
vitro degradation of three preparations of DSPC:CI! (2/1; M/M) small ur.ilanellar liposomes
is depicted in Figutre 2. The fast rate of the release of encapsulated 1 111n3+ could be,
in part, a result o1 the presence of the contaminant of 1,3-distearoyl-glycero-2-phospho-
choline~, as recently suggested Ly Ponplpom and Bugianesi (1). Further work will be

needed to study the degradation of DSPC by using purified DSPC.

We also found that an addition of 10% molar fraction of dipalmitoyl phosphatidyl-
ethanolamine in SM:CII small unilamellar liposomes did not seem to affect the rate of
release of the entrapped Illln3+ significantly (Fig. 3). However, the kinetics of
the release of entrapped 1111n3+ appeared to be markedly affected by the size, or
perhaps by the lamellar structure, of liposomes. Figure 4 depicts the time course
of the release of llfln3+ in the outermost layer of SM:CH (2/1; M/M) multilamellar
lipohomes extruded through a polycarbonate membrane filter of 0.2p pore size in a
liver of a mouse at 37C in vitro. Figure 5 depicts a similar in vitro hepatic de-
gradation of the outermost lipid bilayer of SM:CH (2/1; M/M) bath-sonicated lipo-

* somes that art! larger than the exclusion limit of Sepharose 4B, but smaller than
that of Sepharose 21. To simplify the comparison, 1111n3+ was loaded only to the
outermost aqueous compartment of the multilamellar liposomes for the studies shown
in Figures 4 and 5. Thus, the results shown in Figures 4 and 5 represent the release
of 11 1ln 3+ resulting from the degradation of the outermost lipid bilayer of multi-
lamellar liposomes, as in the case of unilamellar liposomes. As can be seen, the
time course of the release of encapsulated material from MLV is very much different
from that from SUV.

The marked difference in the time course of the release of liposome-encapsulated
materials between small unilamellar liposomes and multilamellar liposomes was unex-
pected and interesting. Further work will be needed to elucidate whether or not
such difference is a result of the size, the laminar structure, or the combination
of both. We are in the process of collecting data to investigate whether or not
such biphasic character of thu degradation of multilamellar liposomes in the livers
of mice also occurb in vivo.

In addition to the degradation of liposomes in the livers of mice, a limited
study has also been carried out in the time course of the release of 11 11n3+ from
small unilainvllar SM:C[I (2/1; M/M) liposomes taken up by other tissues other than
liver and blood. Sinice it is impossible to remove all the blood from tissues, only
qualitative itiftrmation can be obtained. Without performing a detailed correction
of Lte blood contribution In each organ and the geometry effect, our preliminary
results suggested that liposomes taken up by other organs were degraded at about
one half of the rate of the liposomes taken up by the liver.

It. Clearance of U.fposomes in Blood Circulation.

Our research in this area has been directed toward the comparison of the
volume of distribution of small unilawellar SM:CII (2/1; M/M) liposomes with that
of the intact erythrocytes, amd the investigation of how the liposomal dosage,
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laminar structure and composition of sphin-omyeline liposomes may affect their
elimination half-life in tile circulation. The reason for determining the volume
of di-;Lrlbutiom of tipusomes was that, in the study of thle tissue distribution
of S,'i.Cf: (211; M/ll) small unilamellar liposomes in mice, we invariably found that
about 30%. of the injected 1 iposomes disappeared from the circulation at 15 min.
post-inject ion. The tiptake of 1 iposornes by thle liver and the spleen can only
account for 5-Q~. This may suggest that liposomes can cross the epithelial lining
of Eli bluod vessels, giving a larger distribution volume than that of the erythro-
C yt k2S.

Two approaches were adopted for studying the distribution volume of liposomes.
One is by sacrificing mice shortly after the administration of liposomes; the other
Is by us-hs experiments using dual isotope techniques. Our results indicated
that thie distribution volume of SM:CII (2/1; M/M) small unilamellar liposomes was
aboutL 207 Iargeur than Lthat of the red blood cells. Conceivably, this extra 20%
volitme may re[present the intercellular snave. Furthermore, from thle pulse-chase
expecrimexat, wu found that the pools of liposomes in the erythrocyte volume and in
the intercelufar vo-)lmeI were ,x(-bangeabL. readily. The ability for the SM:CII uni-
lamie Liar lipoSOInes to get anl a]c*cess to the intercellular space suggests that this
type of lipuosome cou11l h2 List'( for carrying therapeutic agents against intercellular
paras iteCs.

InI tile study Of thle effect Of liposomal dosage on the clearance, we found that
thle eliminlation half-life increased with increasing dosage of SM:C11 (2/1; M/M) small
unilametlar liposomes. The satLuration level for the Balb/c mouse was found to be

*abut 1001 ;g Lipid per g of body weight (Fig. 6). Thle blood clearance time of small
uniiamelliar Sf4:CH:DFPPI- (57/33/10; M/M/M) liposomes was found to be quite similar to
that Of Sniall unflaieliar SM:CII (2/1; Mill) liposomes. In contrast to small uni-
lameilar SM:tCh (2/1; M/M) liposomes, multilamellar SM:CH (2/1; Mill) liposones, pre-
pared by extruding Llirougim at polycarbonate membrane filter of 0.211 in pore size,

* hd vryShVLhalf-life of blood clearance, With about 80% of the injected dose of

liposoneS taken up) by tile liver at 15 minutes after intravenous administration.

Using dual isotopes of 1 111n3+ and 67Ga3+ as the respective encapsulated markers
of SM:CH (2/t; Mill) and DSPC:CII (2/1; M/ll) small unilamellar vesicles (S1JV), our
results Indicated that the half-life of SM:CH (2/1; M/M) SUV was twice as long as
th~aL of DSP(C:UIl (211; M/M) SUV. Tile comparison of thle clearance time of various
types of lipoisomeis its suimmarized in Figure 7. In comparing thle size of unilamellar
liposunies of SM:C1I (2/1; M/M), DPPC:CHf (2/1; M/M) and DSPC:CH4 (2/1; M/M), we found
that tile average diametecr of DSPC liposoines was larger than that of SM or DPPC lipo-

* somes. Furthetr work will be needed to investigate whether the differences in the
hial f- -e of clearance oif thiese small unilainellar liposornes result from the dif-

* ference in sizu, Stability in tile blood circulation, or other reasons.

Ill. EnCaitiiaLoim of Saiai I Lnilamellar Vesicles by Multilamellar Vesicles and
I'repamrat ion of f)etergeut-Removed Liposomes.

As shown InI tfie first section of this report, the degradation of liposomes in
thfe liver of a mouse is afteLCed markedly by thle size of liposomes. Conceivably,
tile lamellar striucture of hi1posomes can also affect the degradation of liposomes.
TO address theLse qfu!St ions, SOMe Of our research has recently been directed toward
the dtkvciopm-n of methiodologies for preparing bovine braini sphingomyelin and DSPC
li posomes of varying size- tnd lamellar structure, with special emphasis on the in-
ve.,ti gation of eI1(capJSI11L~iIug Smnall. unilaunel tar vesicles (SUV) by multilamellar vesi-
cles (MINV) amnd the prLp.)irat Ior of detergent-removed liposomes of varying diameter.



The development of methods to encapsulate SUV by MLV will be useful for the
*preparation of a special type of liposome in which only the center core, and
* not the outer shell, of the onion-like spherule entraps I~lrn 3+. This type of

liposome will be useful for investigating how the outer layers of a multilamellar
- lipos one may affect the degradation of the Inner layer.

To encapsulate a preformed SUV by MLV, two different approaches were tested.

The first approach was by shaking, or brief sonicating, in a water bath of a suspen-

*slon of SUV In a tube containing dried lipids of different compositions. The dried

Lipid was in the forn of dried powder, granules, or thin film. The second approach

was hy injecting an ether solution of lipids into an aqueous suspension of SUV.

Inl most cases, the complex of 11in'3+ with nitrilotriacetic acid (NTA), or 6-

carboxyfluorcscuin alote, was encapsulated in the SUV as a marker. The for-

mation of MLV was assessed by passing the final suspension of liposomes through

a Sepharose 4B or 2B column. The criteria of assessing a successful encapsula-

tion of SUV by MIV were: (i)the association of the SUV-encapsulated marker with

mIu: (Ui) the ability to release the SUV-encapsulated marker from MLV upon treat-

tw1etnt (0 tIetigcnt; .ld (iII) the presence of the intact preformed SUV in the frac-

ions otf MI.V clutud from a Sepharose 4B or 2B column.

Our results indicated that, in most cases, the small molecular markers encap-

sulated in a preformed SUV tended to leak out during the process of bath sonication
or injection of a large volume of lipid solution in ether into the aqueous suspension
of SUV. it appeared that the time of bath sonication and the volume of injected ether

were critical in inducing the release of the encapsulated small molecular marker.
Because of this complication, the estimation of the percentage of a preformed SUV

encapsulated in MLV was difficult. However, in certain cases, we found that the

encapsulation of bovine brain sphingomyelin:cholesterol (2/i; M/M) SUV by soybean
phosphtolipids MLV was negligible. This suggests that the encapsulation of a preformed

* SUV by MIV may be related to the compatibility of lipids. Further work will be needed
to investigate the feasibility of encapsulating a preformed SUV by MLV by using a

more gentle way of preparing MLV or by using a macromolecular marker.

In the study of preparing liposomes of controlled dimensions, our research effort

has been concentrated on the preparation of MLV of 0. 2 2 p in diameter by extruding
MIV through a series of polycarbonate membrane filters from lp to 0.2w in pore size,
and the preparation of SUV of 340-1280 A In diameter by removing detergent from a
mi;:ture of bile salt ;ind phospholipids. These two types of liposomes can be pre-

pared quite easily from egg phosphatidylcholine, as described in the literature.
Since, from our previous study, the egg phosphatidyicholine liposomes are very leaky

. and unstable in the presence of serum (Page 11-12 of our annual report of 1979, ARMY

"- 011580-A-02), our main effort was to prepare stable liposomes made from bovine brain
sphingoinyei in and di.-tic royl Iphosp hatidyl.c holine.

The results of our studies indicated that these two types of liposomes shared a

commort property -- a high tnridency to adhere to resin materials of Sepharose, Sephadex,

and Bio-Rad AGIX-8. As a result of such tight adhesion to resin materials, one often

" lost the entire liposome during the process of chromatography. In the case of mem-

" brane-extrttded MIN, a repeat extrusion and annealing of liposomes, at a temperature
above tile gel , liquid crystalline phase transition temperature of the liposomes,
were necessary to reduce the problem of adhesion. However, an occasional zero-
recovery of lposUmes during the process of gel filtration chromatography still

• - -g -



*occurred without obvius reasons. Further work will be needed to establish a
* proper protocol to ciminate this problem.

In tile study of preparing unhlanleliar liposomes of controlled sizes, liposomes
were prepared by removing sodium deoxycholate from a mixture of phospholipids, cho-

* lesterol, and Lhe bile salt, by dialyzing out the detergent in hollow fibers or by
passing through it Sepha~dex G25 column (3-6). our results indicated that the re-
moval of detergent by passing through a Sephadex G-25 column was more effective and

* rapid than that by dialysis In hollow fibers The use of a constant-temperature
jacketed column at a temperature ab~ove the temperature of thle phase transition of
the major lipid of the I iposomes was required to ensure above 80% recovery of lipids.
F'urthiermore, a high ratio of detergent to lipid (8 to 1 in molar ratio) was also
necessary to ensure quantitative recovery of lipids, when cholesterol was included
in the !)reparation of liposomes. The size of liposomes prepared by removing sodium
deoxycholatv trom a I ipid-dtergent mixture appeared to be related to the composition
of lipids. lu the case of bovine brain sphingomyelin, a very small unilamellar vesi-
c of about 300 A in diameter was formed. We are in the process of studying the
ability of these detergent-removed liposomes to encapsulate various markers.

IV. :Ont Lro I I d Load ing, of I I n 3+to Liposomes .

In order to study how various factors may affect the degradation of liposomes
ill tissueCs by thle techn!iqUe Of PAC, It is important to be able to load a high level
Of 111In11 to thle inner aqueous compartments of liposomes in a controlled and con-
sistellt manner. In our annual report of 1979, we described the procedure of extrac-
ting the comiplex of 8-iydroxyquinoline (8-110Q) with 1 1 1 1n 3 + by chloroform for subse-
qJucot loadhingl of 11Wn1 to liposomes with an efficiency of 90%. However, during
the course ot nmerous loadings of 11111n to liposomes for studying the degradation
of liposomes in tissues, we found that many factors could affect the efficiency of
loatling h"Iln"+ to lipusomes, causing thle problem of inconsistency in loading effi-
c ielley. TherefAore, thle procedure of loading has been gradually modified and evolved
by cldnging various experimental conditions, or by using different lipid-soluble iono-
'IhiOi-2S, since we rt.ported theinumthod of loading in our annual report of 1979.

TjO date, We have tracked down three major factors which can severely interfere
With tile efficiency of loading 111 1,13+ to liposomes. The first problem was the loss
of 8-1h10Q by sub Ilnlat ion during tile process of removing the chloroform from the ex-
traicted comlteX of 8-I10Q (1111n3+) by evaporation at 85'C (Page 22 of our annual
report of 1979). By monitor-ing thle concLentration of 8-HOQ with absorbance at 240 nm,

* we d iscevervd thlat as mu11ch ati 80-90% of the 8-110Q, but not 8-POQ (11 2ln3+) , was lost
bY sublimat ion durinig Ltle process of evaporating chloroform at 68 0C. The problem of

* losing 8-1h'Q) by evaporation was further compounded by thle use of a very small amount
of ethanol (25rl-50,l) to -sotubilize tile dried 8-11OQ (1111n+) which, 'ormed a thin
fi lmi and Npread around a reLitively large surface of thle glass wall of a conical cen-
Lrtuhlgat ion tuibe. As- a rv'sullt of the use of an uncertain amount of 8-110Q, the loading

* eff Lc iency var led, depiending upon01 tile amtount of leftover 8-110Q in the tube after eva-
porat 1(111, alid Lte yue Cot ethanol used in so lthiliz ing the dried 8--OQ (111I~n3+).

A mod it Lud loadinig procedure without chloroform extraction was, thus, developed
to c irt-1invelnt Lt' problemn of losing 8-110Q . This modified loading procedure involved
thle direct addit ion (If the mixture of I InCli and 8-110Q in 5 mm sodium acetate buf-
fered -sal Lnec ontaf inlg 7-707 ethanol to 10 times thle volume of liposome suspension
it) th~5ie l hlItt Irwitholiut ethainol. The results of tis non-extraction loading pro-

v edur (Fig.S. 8,9) milCitd that tleU loading efficiency depended very much upon tne 7

Soiweittrat 11)1 ol 8-IHn if) Lte Sol t I on, aJS well aS the tVIpe Of Cation.* It appeared
* tHat tie (jili l~l cOll(cLtrat iO?1S of 8-10Q for a successful loading of '1 In3 and

Ca~were very di t t reint . T!IVe fXitL fliet-haisml is not certain at this point.



Normally, the complex lin3+with tile liposome-entrapped water-soluble che-
lating agent, nitriloacetic acid (NTA), has a rather fast tumbling rate as indicated
by a high <G22(,)> value from the measurement of PAC. Our s.cond problem was an
apparent high loading efficiency (about 80 to 90%) but a low <G.,2 (,,,) value for
the 1 ln3+ associated with liposomes. The results of gel filtration chroniato-
graphy indicated that virtually all the radioactivity of 1 jL~3+ in the loaded
liposiomes was firmly bound to liposoies and could not be removed by strong che-
lating agents, such as ethylenediaminetetraacetic acid (EDTA). This suggested
that the loaded 111ln3+ ions were immobilized in the EDTA-inaccessible region
of ti lipid bilayer of liposomes, or in the internal aqueous compartment of

IJ

'lih problcmn of having 1L111n3+ immobilized in liposomes will affect the sensitivity
of our PAC study of the degradation of liposomes after being taken up by tissues. In
an attempt to determine the causes of this problem, we investigated all the possible
sources of contamination in the buffer solution, chemical reagents, lipids, resin .

materials, glassware, and the source of 1 111n 3+. Our results indicated that one of
the most likely sources of contamina-tion was the HCI used in purifying lllln 3+. The
1:CJI used in purifying Il1fn 3+ was always treated with dithizone to remove excess
heavy metalic ions in lid. The dithizone treatment involved the repeat extraction
ot 6N PCI with 0.01% dithizone in chloroform. Previously, 0.1 N HC1 was used to elute
1 11 nCl 3 from the anion exchange resin AGIX8. More recently, 2N HC1 has been used to
increase thu resolution of 1 11lnCl3 , since the discovery of the overlap of the eluting
profile of some contaminating cations in the crude lllInCl 3 with the eluting peak of

I mnCl. The use of more HCI may have introduced an excess of dithizone in the purn-
tied llllnCl3 . Dithizone is very soluble in chloroform and not soluble in neutral
aqueouis solution. We suspected that the complex of dithizone with lllln3+ might par-
tition in the lipid bilayer of liposomes, immobilizing lllln 3+. A new procedure of
removing heavy metalic cations from IICl by the method of isoprestical distillation
was, thus, employed. Our results indicated that dithizone was the major contaminant
interfering with the loading of llIln3+ to liposomes.

The third factor which could interfere with the loading efficiency of lllln
3+

to liposomes was the problem of forming insoluble 8-HOQ micro-particulate upon adding
the ethanol solution of 8-11OQ to aqueous buffer solution at low temperature. At first,
this solubility probleirr was not obvious to us because of the use of a low concentra-
tion of 8-1IOQ in the loading mixture, until we accidently found this phenomenon by
making a large volume of loading mixture. Although the 8-HOQ micro-particulate
could be redIssolved in aqueous-ethanol mixture upon standing at room temperature,
the transient low concentration of soluble 8-ttOQ could result in the formation of
insoluble indium hydroxide, which can only be resolubilized at very low pH 2. Thus,
all the btiffr solutiAis used in loading 11ln3+ to liposomes were warmed to room
temperature to avoid the possibility of phase separation of 8-HOQ.

In the meantime, the search for lipid Ionophores which have a good aqueous
solubility was initiated. Two Ionophores were found to be quite promising. The ctw
lonophores were 8-hydroxyquinoline sulfate (8-HOQ-S04 ) and acetLc 4 pne (AcAc). Our
preliminary results indicated that the loading efficiency of In liposomes by
RIse3 lwo water-soluble ionophores was very encouraging. The principle of loading

In to liposomes by 8-HOQ-SO is essentially the same as that by 8 -HOQ alone.
The only difference is that 8-HO0-SO , which is a sulfate salt of 8-HOQ, can form a
stable salt-complex in aqueous soluton, whereas 8-HOQ alone is not water-soluble.
As a result of this, the probability of having the problem of forming the insoluble

S-HOQ microparticulate in aqueous solution is less. All the experimental conditions
developed for 8-HOQ were found to be compatible to 8-HOQ-SO.
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On the other hiand, acetylacetone is slightly more hydrophilic than 8-HOQ.
We found that the complex of 1 11n 3+ with acetylacetone had a very stable <C22 (-')>
of ).b8 0.02. As in the case of 8-HOQ, the loading efficiency of 1 1 1ln3+ to lipo-

"* somes by acetylacetone depended on the concentration of acetylacetone (Fig. 10).
Bovine brain sphingomyelin:cholesterol (2/1; M/M) liposomes (SUV or MLV) loaded to
* 11In" by aCutylacetone were stable at 37C in the presence of 50% serum for at
least 2 days. Since acetylacetone is quite soluble in aqueous solution, we are in

* the process of testing the feasibility of using acetylacetone as a carrier to deliver
'1tn'+ into the Many inner aqueous compartments of multilamellar liposomes. In

* conjunction with the development of methods of encapsulating small unilamellar lipo-
somes by niultiLamellar 11posomes, acetylacetone may become a very useful ionophore to
load 1ljn3+ to liposomes for studying how the lamellar structure of a liposome may
affect or control tLhe release of liposome-entrapped agents in tissues.
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Figure Ia. Degradation of small unilamellar SM:CH(2/l;M/M) liposomes in

the livers of 4 mice. -The time course of the release of 1 11n 3+
from lipo-iomcs in the liver was monitored in vitro at 37*C. The
s alel on tie right represents the percentage of .intact liposomes
remaining in tie liver. The liposomes were loaded with l1[n3+
by chloroform-extracted 8-110( (I1IIn'+). (c) and (a) were from
the same 1 iposomes in two different livers.
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Figure lb. The exyerimenta. conditions were the same as those in Fig. la, except
that I ln3+ was loaded to liposomes by 8-1OQ (1 11 n 3+) without prior
purifying of the complex by chloroform extraction. (a) and (A) were
from the same liposomes in two different livers at an injected dose
of 8 and 52 jig lipid/g tissue, respectively. (A) and (o) were from
the same liposomes in two different livers at an injected dose of 90
and 224 pg llpid/g tissues, respectively. The kinetics of degradation
of the liposomes subjected to ultracentrifugation at 1 0,000 g for 0
min (X) at an injected dose of 85 pg lipid/g tissue was comparable to
that of the same liposomes subjected to centrifugation at 10,000 g for
3 min (13) at an injected dose of 99 vig lipld/g tissue.
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Figure 3. De gradation ot small unilamellar SM:Cl1:DPPE(56/34/10;M/M/M)
Iipusomes in tle livers of two mice. The experimental conditions
wurLc the same jst- hat in F~g. 1b. The area between the two dotted
lines rtprLcsnts the region for SM:CI!(2/1;M/M) small unilamellar
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Figure 4. [)cgrddtion of membrane-extruded multilamellar SM:CH(2/1;M/M)
liposumes In the livers of two mice. Liposomes were extruded
through a series of polycarbonatc membrane filters from 1.0 "
to &'2 . poru sizes at 600c. The outermost aqueous compartment
of theL lposomes were loded w 1th fn 3 + by 8-OQ( 1 111n3+).
Iiius, tILe patttrn ot thv rlease of 1 In3+ represents the break-
down of the outer surf.ice of the mutLilairellar ]lposomes.
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Figure 5. Degradation of bath-sonicated, intermediate, multilamellar SM:CI

(2/1;M/M) 1i1osomes in the liver of a mouse. The sizes of the
liposonies were smaller than the exclusion limit of Sepharose 2B
gel, but larger than that of Sepharose 4B gel. The tine course
of tlht release of 1 11n1+ represents the degradation of the outer
surface of mUltilamellar liposomes.
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Figure 7. Blood clearance of various types of liposomes. The symbols are:
small unilamellar SM:CHI(2/1;M/M) liposomes (e), multilamellar
SM:CII(2/1;M/M) liposomes (o), and the shaded area for small
unlimrillar DIIPC::Cll(2/1; M/M) and D)SPC:ClU (2/l;M/M) liposomes.
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Figure 8. Dependence of the loading efficiency of 1"lIn3+ to liposomes on the

concentration of 8-1IOQ. The loading was carried out by adding 200-

250 jil of a varying amount of 8-HOQ in 20% ethanol, 0.9% NaCI, 10 MM

sodium acetate, pH 5.5 containing 1-10 p Ci In-ll to 500 pl of DPPC

F. unilaiellar liposomes (5-8 mg lipid) in the same saline acetate buffer.
i 1iposomes entrapped 0.106 M sodium phosphate, pH 7.4, lmMNTA. The

yield of loading was determiled after 1 hr incubation at room tempera-

tuire befort, removilng the untrapped 11 1In 3+ by passing through a column

(0.7 x 5 cm) of AG 1x8 (phosphate form). Each point is an average of

two Illnuasul'eelIfls.
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Figure 9. DI)pendence of the loading efficiency of 67Ga 3+ to liposomes

on the concentration of 8-HOQ. The experimental conditions
w,.re idcntical to the one described in Fig. 8. Each point

Is an average of three measurements.
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Figure 10. Dependence of the loading efficiency of 1 1n3+ to liposomes on the

concentration of acetylacetone. The loading was carried out by adding
250 pl of a varying amount of acetylacetone in 0.9% NaCI, 5mM Tris-
IRA, p11 7.8 contaIning 1-10 ti Ci in-Ill to 1 ml of small unilamellar
SM:CII(2/];M/M) liposomes in 0.9% NaCl,5mrM sodium acetate, pH 5.5. A
solution of 0.106 M4 sodium phosphate, p1l 7.4, imM NTA was encapsulated
in liposomes by probe sonication. The yield of loading was determined
-is described in Figure 8. Each point is an average of three measure-
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AvAc: acetylacetone

C1: cholesterol

91'PC: L-,-dipalmitoyl phosphatidylcholine

DPPU: L-u-d ipalmitoyl phosphatidylethanolamine

DSPC: L-ti-distearoyl phosphatidyicholine

EDTA: ethylenedlamine-N,N,N',N'-tetraacetic acid

<G22(-)>: time-Jtegrated perturbation factor. This is the

parameter measured by the counters of gamma-ray
perturbed angular correlation spectrometer. The
value of <G2 2 (-)' has a range from 0.0 to 1.0.
In the system of liposomes, a low value of <G22(-)> -

closed to 0.0 means that the liposomes are greatly
perturbed and release their encapsulated contents.
on the other hand, intact liposomes have a charac-
teristic high <G22 (-)> of about 0.60.

8-HOQ: 8-hydroxyquinoline

8-HOQ-SO1 : 8,-hydroxyqulnoline sulfate

8-HOQ (i1ln 3+): the complex of 8-1IOQ with Illn 3+

MLV: multilamellar vesicles

NTA: nitrllotriacetic acid

PAC: perturbed angular correlation

SM: bovine brain sphingomyelin

SUV: small unilamellar vcsicles
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